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We reexamine the elastic and breakup observables of the ''Be + 64Zn reaction at the near-barrier energy
of 28.7 MeV. The measured quasi-elastic data are compared with CDCC and extended CDCC (XCDCC)
calculations, the latter including the effect of the 19Be deformation.

The angular distribution of emitted 1°Be fragments, reported in the original analysis of this experiment,
along with newly extracted °Be energy distributions, are compared with calculations for the elastic
breakup and non-elastic breakup contributions. Elastic breakup, computed with CDCC, accounts for most
of the observed yields. The remaining difference (~20%) is attributed to non-elastic breakup events
(neutron absorption or target excitation) as confirmed by calculations performed with the model of

Tge Ichimura, Austern and Vincent (1985) [14].

Reactions with halo nuclei
Breakup

Finally, the effect of post-acceleration in the energy distribution is investigated. This effect is well
accounted for by the present CDCC calculations and, according to simple kinematical considerations, is

estimated to be of the order of 1 MeV, and roughly independent of the scattering angle.
© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

The discovery of exotic atomic nuclei in the proximity of the
proton and neutron drip lines constitutes one of the major mile-
stones in nowadays nuclear physics. Often, these nuclei exhibit
novel and striking phenomena not found in the case of stable nu-
clei. For example, for some light drip-line nuclei, valence nucleons
travel beyond the surface of the central core, forming an extended
cloud known as nuclear halo. Much of our present knowledge of
the structure of these exotic systems stems from the analysis of
nuclear collisions of these nuclei with a stable nucleus. Due to the
weak binding, one may anticipate that breakup will be a major
reaction channel, as it is indeed confirmed experimentally. Further-
more, one may also expect some decoupling of the single-particle
motion of the halo with respect to the remaining system (core).
This has motivated the application of few-body reactions mod-
els, such as the Continuum-Discretized Coupled-Channels (CDCC)
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method [1], semiclassical approaches [2-5] and, more recently, also
the Faddeev equations [6].

Despite the usefulness of these methods, the strict few-body
picture of the reaction implies a drastic simplification of the
many-body scattering problem. Comparisons of experimental ob-
servables, such as elastic, inelastic and breakup differential cross
sections, with the predictions of these formalisms allows estab-
lishing the limits of validity of the few-body description of the
structure and dynamics of these nuclei and serve to extract valu-
able information on their structure. Deviations from experimental
data evidence limitations of the structure description, the reaction
dynamics or the effective interactions.

Among these deviations from the strict few-body picture, two
of them have recently received particular attention, namely, (i) the
so-called core excitations (CEX) and (ii) the presence of non-elastic
breakup (NEB) contributions in the inclusive breakup observables.
The CEX refer to possible excitations of the projectile fragments
which, in the case of halo nuclei, correspond to excitations of the
core subsystem. These CEX modify, on one hand, the structure of
the projectile, by introducing core-excited admixtures in the pro-
jectile states and, on the other hand, leads to excitations and de-
excitations of the core during the reaction. To account for CEX, an
extended version of the CDCC method (coined XCDCC) has been
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developed [7] and applied to several reactions induced by ''Be [8,
9] and '9C [10].

Regarding the NEB, it corresponds to projectile breakup accom-
panied by target excitation or by capture of one of the projectile
constituents by the target. These contributions are not accounted
for by the CDCC or XCDCC methods, which provide only the so-
called elastic breakup (EBU) part. Because of the large number of
accessible states, explicit inclusion of all channels contributing to
NEB is not feasible in practice. The evaluation of non-elastic cross
sections can be more efficiently done making use of inclusive
breakup models. These were proposed in the 1980s [11-15] but
they have not been fully tested and applied until recently [16-18].
In particular, these models have never been applied to the case of
halo nuclei.

In this work, we investigate the influence of CEX and NEB in the
reaction of ''Be on a %4Zn target, measured at ISOLDE by Di Pietro
et al. [19]. The quasielastic (i.e. elastic+inelastic) and breakup data
from this experiment have been subject of many studies, includ-
ing optical model [19], CDCC [20-22] and semiclassical calculations
[23,24]. In [20], the quasi-elastic data could be well reproduced by
standard CDCC calculations, but the inclusive breakup data ('°Be
angular distribution) was significantly underestimated. In a later
work, the same data were compared with XCDCC calculations [8].
Although these calculations predicted larger breakup cross sec-
tions, improving the agreement with the data, some underestima-
tion remained.

In this Letter we present new calculations for the elastic and
inclusive breakup data of this reaction. We report also on new ex-
perimental results of the same experiment not published before,
corresponding to the energy spectra of the '°Be fragments. These
data are compared with CDCC and XCDCC calculations, using an
augmented modelspace with respect to previous studies. In addi-
tion, the contribution of NEB in the inclusive '°Be data, using the
inclusive breakup model of Ichimura, Austern and Vincent, is also
explored. Finally, the phenomenon of post-acceleration is investi-
gated using a simple model.

The paper is organized as follows. In Section 2, we briefly dis-
cuss the experimental analysis of the new data. Then, in Sec. 3,
we outline the theoretical frameworks used, namely, the XCDCC
method and the IAV model. The calculations performed with these
models are compared in Section 4 with the quasielastic and in-
clusive breakup data of Ref. [19], along with new data extracted
from the same reaction, corresponding to the energy distributions
of 19Be fragments. Finally, in Sec. 5 the main conclusions of this
work are summarized.

2. Experimental analysis

The 'Be + %4Zn reaction was measured at the REX-ISOLDE fa-
cility. Details of the experimental set-up have been reported in
Refs. [19] and [20]. The '9Be fragments produced in the reaction
were detected and identified, in charge and mass, in the angular
range 15°<60j,,<42°. In Fig. 1 it is shown a 2D-spectrum of AE
vs. the total energy (Eto). The latter was reconstructed by con-
sidering, in addition to the energy deposited in the two stages of
detection (AE and Ers), the energy loss of the beam and emitted
particles in the target, and the energy loss of the particles in the
detector dead layers. The energy loss correction was done on an
event-by-event basis. In the spectrum shown in this figure it was
assumed, for the energy loss calculations, that the emitted frag-
ment was '°Be. Therefore, the energy information is correct for
10Be events but not for ''Be ones.

As can be seen from the figure, there is a band of events, start-
ing from the elastic scattering locus, for which the AE energy
decreases for decreasing total energy. These events are elastic scat-

AE (MeV)
8

N
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Fig. 1. AE vs. Eqr bidimensional spectrum at 6j,, = 20°. The polygons shown in
black and red enclose, respectively, '°Be events and background events (see text for
details).

tering events for which the total energy is not correctly measured
due to incomplete charge collection in the AE detector most prob-
ably due to interstrip effects [25,26]. Although interstrip events
producing signals above threshold into two neighbour strips have
been excluded from the data analysis, some of them might still
remain [26]. These are background events and must be removed
from the energy spectra. To do that, the same gate used for se-
lecting 1°Be events, shown in black in Fig. 1, was shifted so as
to include a similar fraction of background events as in the '°Be
gate (red gate); the energy shift varied depending upon angle and
the same was for the fraction of background events, since it de-
pended on the elastic scattering rate on the detector. To obtain
background-subtracted energy distribution of '°Be, the spectrum
corresponding to the background gate had to be shifted, before
subtraction, by the same Ey as the one used to produce the red
gate.

3. Theoretical framework

For the interpretation of the present data we employ state-
of-the-art methods for the computation of breakup cross section.
For the EBU cross sections, we use the recently developed XCDCC
method [7,8], a generalization of the standard CDCC formalism
that takes into account the effect of the deformation of the core
subsystem in the projectile and also its possible excitations and de-
excitations during the collision. In particular, we treat the n-'°Be
system using a particle-plus-rotor model (PRM) with the Hamilto-
nian of Ref. [27]. This Hamiltonian consists of central and spin-
orbit parts, with the usual Woods-Saxon volume and derivative
shapes, respectively. To account for the coupling with the 2% state
of the core, the central potential is deformed using a deforma-
tion parameter 8, = 0.67 [28] and later expanded in multipoles.
The quadrupole terms are responsible for the coupling between
the 1Be g.s. and the 2 excited state, giving rise to core-excited
admixtures in the ''Be states. The resultant ground-state wave
function has a 85% of s/, consistent with recent ab-initio calcula-
tions based on the no-core-shell-model (NCSM) formalism [29].

The ''Be continuum is discretized using a binning procedure.
As a consequence of the 19Be deformation, these continuum states
contain also admixtures with core-excited components [7]. Contin-
uum states up to maximum orbital angular momentum £pax = 9,
total angular momentum J7 = 1/2%, 3/2%,...,17/2* and max-
imum excitation energy ranging from 8 to 12 MeV (depending
on J7) were considered in the calculations. The °Be + 4Zn and
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n + %4Zn potentials were taken from Refs. [19] and [30], respec-
tively. For comparison purposes, we have performed also conven-
tional CDCC calculations, using the single-particle neutron-core po-
tential of Ref. [5]. For consistency, these calculations use the same
10Be 4 647n and n-%4Zn interactions as in the XCDCC calculations.
Continuum states were discretized using the standard binning pro-
cedure, including partial waves up to £max = 9.

To evaluate the non-elastic breakup contributions we make use
of the Ichimura, Austern, Vincent (IAV) model [14], which has been
recently reexamined and implemented by several groups [16-18].
The IAV model for NEB is based on a participant-spectator pic-
ture, which can be schematically represented as a + A — b + B*,
where the projectile a dissociates into b + x, but only the fragment
b (the spectator particle) is detected. The participant particle x cor-
responds to the unobserved particle (the neutron in our case). The
residual nucleus B* denotes any possible final state of the x + A
system. When x survives after the reaction and A remains in its
ground state, we have EBU which, in this work, is calculated with
XCDCC. To account for all possible non-elastic processes of the par-
ticipant with the target nucleus, the IAV model makes use of the
Feshbach projection formalism and closure of the neutron-target fi-
nal states. The resultant NEB double differential cross section with
respect to the angle and energy of the core fragment, is given by

1AV

do Ep) (1l W 1
dEsdSh nes hvipb( p) (Vx| Wxal¥x), (1)
where iWy, is the imaginary part of the x — A optical potential
Uxa, pp(Ep) the density of states of the b particle, and vy is the
so-called x-channel wavefunction, which describes the x — A rel-
ative motion when the target is in the ground state and the b
particle scatters with momentum Eb. This x-channel wavefunction
is obtained from the solution of the inhomogeneous equation

(Ex — Kx — Uxa) Yra(kp, T) = (Fxxy ko) [ Vpostl X V), (2)

where Ey = E — Ep, Vpost = Vpx + Upa — Upp and lef)(lzb) is a
distorted wave describing the relative motion of the outgoing °Be
fragment and the A + x system.

In the present calculations, the projectile wave function, ¢q(Fpy)
was generated with the same !'Be model used in the CDCC calcu-
lations [5] whereas the entrance and exit channel distorted waves
( Xé“ and xb(_)(ﬁb)) were calculated with the optical model poten-
tials derived in [19] from the fit of the ''Be quasi-elastic scattering
data and the '1Be elastic scattering data, respectively.

4. Comparison with data

In this section we compare the calculations with the data from
Ref. [19], and also with the newly extracted data for the inclusive
10Be distributions.

We first consider the quasielastic cross section displayed in the
upper panel of Fig. 2. The CDCC and XCDCC calculations are found
to yield almost identical results and reproduce very well the data
in the full angular range. However, the separate elastic and in-
elastic cross sections predicted by these calculations are rather
different, as shown in the bottom panel of this figure. The angle-
integrated inelastic cross sections are 940 and 437 mb for the
CDCC and XCDCC calculations, respectively. This effect was also
found in Ref. [31], where the ''Be + '97Au data was analysed
with the CDCC and XCDCC methods. In that case, both observ-
ables could be separated experimentally and were found to be very
well reproduced by XCDCC, whereas the CDCC calculation could

"Be+*'zn @ E_ =28.7 MeV
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Fig. 2. (a) Experimental [19] and calculated quasielastic differential cross section, as
a function of the '"Be CM angle, for the reaction ''Be+54Zn at 28.7 MeV. (b) In-
elastic differential cross section for the excitation of the ''Be(1/27) excited state,
computed with the CDCC and XCDCC methods.

not reproduce any of them satisfactorily. The difference was at-
tributed to the reduced B(E1) strength predicted by the deformed
11Be model, in better agreement with Coulomb dissociation exper-
iments and lifetime measurements [32]. A similar effect seems to
be taking place in the present reaction, but new data for the sep-
arate elastic and inelastic cross sections would be of interest to
confirm it. We note that the link between the inelastic cross sec-
tion for this reaction and the underlying B(E1) value was studied
in detail in Ref. [22], where it was shown that, below the grazing
angle, the full CDCC calculation is very well reproduced by a first
order pure E1 calculation.

We consider now the inclusive breakup cross sections, con-
sisting on angular and energy distributions of 1°Be singles. We
notice that, for the CDCC and XCDCC results, the breakup cross
sections are more naturally expressed in terms of the scattering
angle of the c.m. of the outgoing n + 1°Be pair. To obtain the 1°Be
angular and energy distributions, one needs to calculate the triple-
differential cross sections by applying the appropriate kinemat-
ical transformation to the scattering amplitudes computed with
CDCC/XCDCC. In the CDCC case, this was done by using the formal-
ism presented in Ref. [33], whereas for the XCDCC case a recently
proposed extension of this formalism was used [9].

The computed '°Be angular distributions are compared with
the data in Fig. 3. It can be seen that CDCC and XCDCC give al-
most identical results, confirming the results of [9] performed in
a smaller modelspace (£max = 5). However, this EBU contribution
alone underestimates the magnitude of the data by about 20%. This
underestimation suggests that other, non-elastic breakup (NEB),
mechanisms contribute also to the inclusive '9Be cross sections.

We have computed these NEB contribution with the IAV model
[cf. Eq. (1)], which is shown with the dot-dashed line in Fig. 3.
It exhibits a bell-shaped form, with a maximum around 35°. This
contribution is rather significant for angles larger than 10°. The
total inclusive breakup, given by the sum of the EBU and NEB con-
tributions, give a good overall account of the experimental data,
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the maximum by about 1 MeV. This post-acceleration of the 1°Be
fragments can be understood as follows. When the projectile ap-
proaches the target, part of its kinetic energy will be converted
into Coulomb potential energy. For a binary process, such as elas-
tic or inelastic scattering, this potential energy will be transformed
again into kinetic energy when the ejectile flies away. However,
for a breakup process, the projectile will eventually dissociate into
10Be 4+ n during the collision. After this point, the Coulomb en-
ergy will be converted into kinetic energy of the charged fragment,
10Be. Denoting the breakup distance by Ry, the additional kinetic
energy gained by the 19Be core with respect to the binary process
turns out to be
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Fig. 3. Experimental and calculated differential breakup cross section, as a function
of the 9Be laboratory scattering angle, for the reaction ''Be+%4Zn at 28.7 MeV. The
elastic breakup contributions (from CDCC and XCDCC calculations) and the nonelas-
tic breakup contribution (IAV model) are compared with the data from Ref. [20].

with some remaining underprediction at the smaller angles, and
some overestimation for 6 = 30° — 40°.

Further insight into the reaction dynamics can be obtained from
the 19Be energy distributions. This is shown in Fig. 4 for some se-
lected angles of '°Be. The experimental distributions display an
asymmetric shape, with a tail extending to low energies. For '°Be
energies above the peak, all the distributions exhibit an apparent
drop showing a kinematical cutoff derived from the energy conser-
vation as well as the interplay between the phase space factor and
the breakup amplitude in the semi-inclusive cross sections. For the
calculations we show only the results from CDCC, since those ob-
tained with XCDCC are very similar. At the two smaller scattering
angles (15° and 18°) the inclusive breakup is dominated by the
EBU part, which is reasonably well accounted for by the CDCC cal-
culation. At larger angles (see panels (c) and (d)) the NEB becomes
important, and its inclusion is essential to explain the data.

It is noticeable that the experimental distributions peak at an
energy which is larger than the simple estimate given by 10/11
times the energy of the outgoing '!'Be* system, assuming a bi-
nary reaction with a Q-value equal to the excitation energy of
this system. This simple estimate is indicated by the orange ar-
rows in Fig. 4 which, as can be seen, underpredict the energy of

2
AE — my, Z:.Ze 3)

Mp+me  Rpy
where Z . are the core and target charges and mp . the neutron
and core masses.

We have evaluated this formula, assuming for the breakup ra-
dius the distance of closest approach in a classical Coulomb trajec-
tory. When this energy shift is added to (10/11)E('1Be*), one gets
the green arrow shown in Fig. 4 which, as can be seen, agrees very
well with the observed experimental centroids.

We have repeated these calculations for other angles and the
results are shown in Fig. 5, where we plot the final energy of the
10Be fragments as a function of the scattering angle. The orange
line corresponds to the simple estimate (10/11)E('1Be*), whereas
the green solid line is the result of adding the post-acceleration
AE effect according to the simple estimate (3). For the data, we
have considered the maximum of the energy distribution at the
corresponding scattering angle. It is seen that the calculations in-
cluding postacceleration reproduce perfectly well these data. More-
over, it can be seen that the energy shift becomes larger as the
scattering angle increases, due to the fact that the breakup radius
decreases for larger scattering angles. These results indicate that
this breakup reaction is not a simple one-step mechanism, but in-
volves additional, higher-order effects which are well accounted for
by the simple kinematical estimates as well as by the more sophis-
ticated CDCC calculations.
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Fig. 4. Experimental and calculated double differential cross-section for breakup, as a function of the '°Be laboratory energy, for selected values of the scattering angle. The
orange and green arrows correspond to the estimated energies excluding and including post-acceleration, respectively (see text for details).
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Fig. 5. Experimental position of the centroid of the '°Be energy distribution as a
function of the laboratory angle. The dashed orange and solid green lines corre-
spond to the predicted outgoing '°Be energy without and with post-acceleration
effect, respectively (see text for details).

5. Conclusions

To summarize, we have investigated the dynamics of the elas-
tic and breakup of the halo nucleus 'Be on a %4Zn, with em-
phasis in those effects which go beyond the strict few-body
picture of the reaction, namely, core excitations and non-elastic
breakup. Quasielastic and inclusive breakup data (1°Be singles)
have been compared with state-of-the-art reaction calculations.
The quasielastic data are equally well reproduced by CDCC and
extended CDCC (XCDCC) calculations, with the latter including ef-
fects arising from '°Be deformation. Both methods predict however
very different inelastic cross sections for the population of the 11Be
bound excited state. Therefore, 1°Be deformation has a sizable ef-
fect on the inelastic scattering cross section, but a very small effect
on the quasielastic and breakup cross sections. This contrasts with
the case of the proton target, for which a significant enhancement
of the breakup cross section was found due to dynamical core ex-
citation effects [8,34,35].

The CDCC and XCDCC calculations predict also similar elastic
breakup cross sections, but they underestimate the magnitude of
the data by about ~20%. This underestimation is attributed to
the presence of non-elastic breakup contributions. Inclusion of this
contribution, using the model of Ichimura, Austern and Vincent, is
found to reproduce rather well the experimental angular and en-
ergy distributions of the '°Be fragments.

We have also analysed the post-acceleration effect observed in
the energy distribution of the '°Be fragments. This effect can be
explained assuming that the breakup takes place in the proximity
of the target, around the distance of closest approach, and that the
Coulomb energy originally carried by the '1Be projectile is finally
transferred to the 1°Be core. A quantitative estimate of this effect,
using as the breakup radius the distance of closest approach for
a classical Coulomb trajectory, explains very well the experimental
position of the energy distribution peak.
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